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本工作将实验测定与理论建模相结合，系统研究多个含 CO2 或 N2 的二元、三元
体系的固液气（solid-liquid-gas, SLG）相行为，并探索若干物质在高压 CO2 中的
结晶行为。 
针对固体-CO2 二元体系的 SLG 相平衡提出一个结合溶解度数据的半预测模
型（a semipredictive model using solubility data, SMS）和一个结合剩余性质 GE 的
纯预测模型（a calculation model combining with GE models, CMG）。在 SMS 模型
计算中，需要通过 PR 状态方程（Peng Robinson equation of state, PR EoS）结合
范德华单参数混合规则（van der Waals one-fluid mixing rule, vdW-1 MR) 关联溶
质在 CO2 中的溶解度数据来获取相互作用参数 k12。此外，根据模型在处理固液
平衡时采用不同的表达式而将其分为两种模型：一种采用 PR EoS 计算的逸度系
数来表示溶质的液相逸度，为 SMS-ϕ 模型；另一种采用 UNIFAC（universal 
quasi-chemical functional-group activity coefficient）计算的活度系数来表示溶质的
液相逸度，为 SMS-γ 模型。在 CMG 模型中，PR EoS 结合 LCVM （the linear 
combination of Vidal and Michelsen ）或 MHV1 （ the Michelsen modified 
Huron-Vidal）或 λ = 0.18 的 mLCVM（a modified version of LCVM）混合规则以
及 UNIFAC 方程构成了三个 CMG 模型。计算结果表明，SMS 模型可以较满意
地计算大部分考察体系。此外，相互作用参数 k12 取固定值比取关联值所预测的
熔点和液相溶质组成（x2）要好一些，但预测的 CO2 中的溶质溶解度（y2）较差。
结合 mLCVM 的 CMG 模型可以很好地预测 SLG 平衡（SLGE, SLG equilibrium）
下的熔点和 x2，溶解度数据 y2 的计算结果也较好。 
    采用初熔点法（the first melting point method, FMP）补充测定了月桂酸和肉
豆蔻酸在高压 N2 中 SLGE 数据。将其与已有脂肪酸-N2 体系及布洛芬- N2 比较，
















芬的大。采用PR EoS + vdW-1 + NRTL (non-random two liquids) 方程组成的NBM
（an NRTL based model）关联模型、由PR EoS + vdw-1 + UNIFAC构成的UBM （a 
UNIFAC based model）预测模型、一个假设 N2 在熔融溶质中的溶解度为零的简
化预测模型（a simplified prediction model, SPM）以及新提出的 PR EoS +MHV1/ 
mLCVM/ LCVM + UNIFAC 组成的 CMG 预测模型系统地计算了以上 6 个体系以
及萘-N2 和苯-N2 体系的 SLGE 线。结果表明，NBM 对 SLGE 线的关联结果很好，
而 UBM 和 CMG 的预测结果都比较好，SPM 只可以作为预测趋势的估算方法。  
采用初终熔点法（the first and last melting points method, FLMP）测定了萘-
联苯-CO2 三元体系的 SLGE 线。该体系在不同压力（0.1, 3, 6 , 8 MPa）下的熔点
-组成（T-w）实验数据表明，体系在所有考察条件内为简单低共熔体系，其共熔
点组成几乎是恒定的。同时，用高压微分扫描量热仪（high-pressure differential 
scanning calorimetry, HP-DSC）测得的 T-w 数据与 FLMP 法所测数据吻合较好。
在二元 SMS 和 CMG 模型基础上建立了针对简单低共熔体系的三元 SLGE 模型。
在三元SMS模型中，需要通过溶解度数据关联获得两个相互作用参数k12 和 k13，
而三元 CMG 模型所用到的方程与二元 CMG 模型是类似的。用这些模型分别预
测了萘-联苯-CO2 和萘-苯甲酸-CO2 体系在不同压力下的 SLGE 线。对于前一体
系，结合 MHV1 的 CMG 模型对体系描述 好；SMS 模型和结合 mLCVM 的 CMG



























Supercritical fluid (SCF) technology for manufacturing fine particles or 
microcapsules has been developed very rapidly in recent years, which is prospective 
in pharmaceutical, material, and food industries, etc. However, there’re several 
problems such as insufficient study on phase behavior and the lack of kinetic data for 
crystallization. Considering those issues, this work combined the measurement and 
calculation models together to systematically study the solid-liquid-gas (SLG) phase 
behavior for several binary and ternary systems containing CO2 or N2. Meantime, the 
crystallization behaviors of some certain substances in high-pressure CO2 were also 
investigated. 
A semipredictive model using solubility data (SMS) and a calculation model 
combining with GE models (CMG) were developed to calculate the SLG coexistence 
lines for various solid-CO2 binary systems. For the SMS model, the Peng Robinson 
equation of state (PR EoS) with the van der Waals one-fluid mixing rule (vdW-1 MR) 
was used to correlate the solute solubility in CO2 to obtain the interaction parameter 
k12, which was further employed to predict the SLG coexistence lines by two methods: 
one adopts the fugacity coefficient of the solute in the liquid phase by PR EoS 
calculation (SMS-ϕ); the other uses the activity coefficient of the solute in the liquid 
phase calculated from the UNIFAC (universal quasi-chemical functional-group 
activity coefficient) model (SMS-γ ). For the CMG model, the PR-EoS with the linear 
combination of Vidal and Michelsen (LCVM) MR, the Michelsen modified 
Huron-Vidal (MHV1) MR, and a modified version (mLCVM) with the re-evaluated 
parameter λ = 0.18 were used. Results show that the SMS model can provide 
acceptable calculations for most of the investigated systems. The predicted melting 
temperatures and solute compositions in liquid phase (x2) from a constant k12 are 
slightly better than those from the correlated one, while the predicted solute solubility 















CMG model with mLCVM calculates well melting temperatures and x2 at SLG 
equilibrium (SLGE) and also gives acceptable calculations of y2 in supercritical CO2. 
The SLGE data of (lauric acid, myristic acid)-N2 systems at high pressure were 
measured by the first melting point (FMP) method. These obtained SLGE data were 
compared with those of several fatty acids-N2 systems and ibuprofen-N2 system 
measured by others before. Results show that the melting temperature of the solutes 
increases slightly with the rising pressure in the investigated pressure range (0.1 MPa 
to 13 MPa). Moreover, the fatty acids with shorter chain length have slightly larger 
melting temperature change, but the temperature change of them is less significant 
than that of ibuprofen. A non-random two liquids (NRTL) equation based model 
(NBM) consisted of PR EoS + vdW-1 + NRTL equation was employed to correlate 
the SLGE lines of these mentioned 6 systems plus the naphthalene - N2 and benzene - 
N2 systems. Furthermore, a UNIFAC based model (UBM) constructed of PR EoS + 
vdw-1 + UNIFAC, a simplified prediction model (SPM) assuming zero solubility of 
N2 in melted solute, and a newly proposed CMG model consisted of PR EoS +MHV1/ 
mLCVM/ LCVM + UNIFAC, were all respectively applied to the prediction of the 
SLGE lines. Results indicate that NBM presents fairly good correlation of the SLGE 
lines, UBM and CMG both give acceptable results, while the SPM could serve as an 
estimation method for trend prediction.  
The first and last melting points method (FLMP) was used to obtain SLGE data for 
the naphthalene-biphenyl-CO2 system. The melting point-composition (T-w) data at 
different pressures (0.1, 3, 6 and 8 MPa) show that the system’s phase diagram is 
simple eutectic under all investigated conditions, and the system’s eutectic 
composition is almost constant. Furthermore, the T-w data measured by a 
high-pressure differential scanning calorimetry (HP-DSC) are in good agreement with 
those from FLMP. Then the SMS and CMG models for predicting ternary systems 
were established based on those for binary ones. In the ternary SMS, two interaction 
parameters k12 and k13 need to be obtained from solubility data, while the ternary 
CMG models are similar to the binary ones. They were further used to predict the 
SLGE lines of the naphthalene-biphenyl-CO2 and naphthalene-benzoic acid systems. 
Results show that for the former system, CMG model with MHV1 gives the best 
description; both SMS and CMG with mLCVM provide acceptable results. While for 
















With the guidance of the binary SLGE data, a high-pressure crystallization 
apparatus based on polar light microscopy was proposed and established to 
investigate the crystallization behaviors of myristic acid and ibuprofen at different 
pressures and crystallization temperatures. Avrami equation was applied to analyzing 
the kinetics of crystallization. X-ray diffraction (XRD) analysis was also adopted for 
further investigating crystals formed at ambient pressure and high pressures. Results 
show that: For myristic acid, the crystallization rate increases with the rising pressure; 
for ibuprofen, when the temperature is fixed, the crystallization rate increases but the 
crystallization activation energy decreases when the pressure goes up; when the 
pressure is fixed, the crystallization rate of ibuprofen decreases with rising 
crystallization temperature. In addition, the XRD results show that CO2 has no 
influence on the crystal forms of both myristic acid and ibuprofen. 
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    超临界流体（supercritical fluid, SCF）是指温度、压力均超过临界值的流体，





表 1-1. 常用超临界流体的临界常数[1] 
Table 1-1. Critical constants of some common SCFs. 
物质名称 分子式 临界温度 Tc /K 临界压力 Pc /MPa 临界密度ρc /(g/cm3) 
二氧化碳 CO2 304.3 7.38 0.460 
氮气 N2 126.2 3.394 0.311 
水 H2O 647.5 22.11 0.326 
 
在 SCF 中，CO2 是 受重视的流体，其研究和应用也 为广泛。这是因为
它有很多优良的实用特点：CO2 的临界温度接近室温（304.3 K），临界压力为 7.38 
MPa，对设备要求相对不高，操作条件温和，易实现；其化学性质稳定，价廉易
得，无毒，不可燃；对多数物质有较大溶解度。但 CO2 为非极性物质，对极性






























理法以结晶和雾化为主要机理，包括快速膨胀法（rapid expansion of supercritical 
solutions, RESS），气体饱和溶液法（particle from gas-saturated solutions, PGSS）
和超临界流体抗溶剂法（supercritical anti-solvent, SAS）。其中基于 SAS 法又发展
出各种方法，如气体抗溶剂法（gas anti-solvent, GAS）、超临界流体增强溶液扩
散（solution enhanced dispersion by supercritical fluids, SEDS）、超临界流体抗溶剂



























SAS 的原理是：溶质不溶于 SCF，而用于溶解溶质的溶剂可溶于 SCF，则
当 SCF 与溶液充分接触时，SCF 迅速扩散到溶液中，溶剂体积膨胀，使得它对
溶质的溶解能力大大降低，使溶液过饱和而析出溶质微粒。此法与 RESS 刚好互
补，适用于不溶于 SCF 的化合物，所以 SAS 广泛应用于高分子、生物高聚物、
催化剂等超细微粒的制备研究中。其缺点是过程中有用到有机溶剂，从而降低了
过程的环保性。 




RESS 和 SAS 相比，该技术原料无需溶解在 SCF 中，需要的 CO2 用量少（少了
大约 103 倍），其操作压力要求也比较低。PGSS 技术操作简单、成本较低、产品
范围广，这些优点都使其成为 有可能大规模工业化的超临界微粒化技术[12]。 
     PGSS 技术进行微粒化（微胶囊化）是本文 SLG 相平衡研究的主要应用背
景，其研究进展对我们的研究有较大的指导意义。关于 PGSS 技术的研究进展、
微粒制备影响因素及过程的机理探讨等可以参考 Zhao [13]和 Li [12]的论文。此外，
针对微颗粒技术（包括PGSS）在药物中的应用研究可以参考杂志ADDR（Advance 
Drug Delivery Review）08 年的几篇文献综述[4, 5, 14]。关于食品中的应用研究情况














1.2.3 PGSS 的研究进展 
    表 1-2 给出了 2008 至今关于 PGSS 技术在实验、理论上的研究进展总结。 
表 1-2. PGSS 技术的 新进展 
Table 1-2. Latest progress of the PGSS technology 
参考文献 考察物质 考察因素 粒径分布/μm，形貌 


























































除去 PEG 后 Q10 平均
粒径 0.19。 










MS: monostearate（单硬脂酸甘油酯）；TS: tristearate（三硬脂酸甘油酯）；TPP: tea polyphenol（茶多酚）；IB: 
ibuprofen（布洛芬）；MA: myristic acid（肉豆蔻酸）；TP: tripalmitin（三棕榈酸甘油酯）；CC:chalcone（查
耳酮）；CoQ10: coenzyme Q10（泛醌）；PEG: polyethylene glycol（聚乙二醇）；LEO: lavandin essential oil（杂
薰衣草基础油）；OSMS: n-octenyl succinic modified starches（n-辛烯基琥珀酸改性淀粉）；RNAse: ribonuclease 
A（核糖核酸酶 A）；CT: β-carotene（β-胡萝卜素）；PCL: poly-ε-caprolactone（聚己内酯）。 
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